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R-T-B SYSTEM RARE EARTH PERMANENT MAGNET AND 
PRODUCTION METHOD THEREOF 



Technical Field 

The present invention relates to an R-T-B system rare 
earth permanent magnet with excellent magnetic properties, 
which comprises R (wherein R represents one or more rare earth 
elements, providing that the term "rare earth element" includes 
Y (yttrium) ) , T (wherein T represents at least one transition 
metal element essentially containing Fe, or Fe and Co) , and 
B (boron) as main components and to a production method thereof . 



Background Art 

Among rare earth permanent magnets, an R-T-B system rare 
earth permanent magnet has been adopted in various types of 
electric equipment for the reasons that its magnetic properties 
are excellent and that its main component Nd is abundant as 
a source and relatively inexpensive. 

However, such an R-T-B system rare earth permanent magnet 
with excellent magnetic properties also has several technical 
problems to be achieved. A technical problem to be achieved 
is that since an R-T-B system rare earth permanent magnet has 
low thermostability, its coercive force is significantly 
decreased along with an increase in temperature. Patent 
Document 1 (Japanese Patent Publication No . 5-10806) proposes 
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that heavy rare earth elements including Dy, Tb, and Ho as 
typical examples are added to enhance the coercive force at 
room temperature, so as to keep the coercive force to such 
an extent that it does not impair the use of the permanent 
magnet, even though the coercive force is decreased due to 
an increase in temperature. 

An R-T-B system rare earth permanent magnet comprises 
a sintered body comprising at least main phase grains 
comprising R 2 Ti 4 B compounds and a grain boundary phase having 
a higher amount of R than the main phase. Patent Document 

2 (Japanese Patent Application Laid-Open No. 7-122413) and 
Patent Document 3 (Japanese Patent Application Laid-Open No. 
2000-188213) disclose the optimum concentration distribution 
of heavy rare earth elements in the main phase grains, which 
has a large influence upon magnetic properties, and a method 
for regulating such a concentration. 

With regard to a rare earth permanent magnet, which 
comprises, as configuration phases, a main phase mainly 
comprising R 2 Ti 4 B grains where R represents one or more rare 
earth elements, and T represents one or more transition metals 
and an R rich phase where R represents one or more rare earth 
elements, Patent Document 2 proposes that heavy rare earth 
elements are distributed at a high concentration at least at 

3 points in the above described R2T14B grains . Patent Document 
2 describes that the R-T-B system rare earth permanent magnet 
is obtained by crushing each of an R-T-B system alloy comprising 
R2T14B as a configuration phase and an R-T system alloy wherein 
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the area ratio of R-T eutectics containing at least one of 
heavy rare earth element is 50% or less, and then mixing them, 
followed by compacting and sintering. The R-T-B system alloy 
preferably comprises R 2 Ti 4 B grains as a configuration phase. 
It is recommended that the R-T-B systemalloy have a composition 
consisting of 27 wt % < R < 30 wt %, 1.0 wt % < B < 1.2 wt %, 
and the balance being T. 

Patent Document 3 discloses an R-T-B system rare earth 
permanent magnet, which comprises microstructures containing 
first R 2 Ti 4 B main phase grains having a concentration of heavy 
rare earth elements that is higher than that of a grain boundary 
phase and second R 2 Ti 4 B main phase grains having a concentration 
of heavy rare earth elements that is lower than that of a grain 
boundary phase, has a high residual magnetic flux density and 
a high value of the maximum energy product. 

In order to obtain the aforementioned microstructures, 
Patent Document 3 adopts what is called the mixing method, 
which involves mixing two or more types of R-T-B system alloy 
powders containing different amounts of heavy rare earth 
elements such as Dy. In this case, regarding the composition 
of each type of R-T-B system alloy powders, the total amount 
of R elements is adjusted to be the same in all types of alloy 
powders. In the case of Nd + Dy for example, one type of alloy 
powders satisfies the composition of 29.0% Nd + 1.0% Dy, and 
another type of alloy powders satisfies the composition of 
15.0% Nd + 15.0% Dy. In addition, regarding elements other 
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than the R elements, it is preferable that all types of alloy 
powders contain substantially the same elements. 

The R-T-B system rare earth permanent magnet described 
in Patent Document 2 has a coercive force (iHc) of approximately 
14 kOe . Thus, it is desired that the coercive force be further 
improved. 

Moreover, Patent Document 3 discloses a technique 
effective for improving the residual magnetic flux density 
and maximum energy product of an R-T-B system rare earth 
permanent magnet. However, it is difficult to obtain a 
sufficient coercive force by this technique . Thus, it is said 
that it is difficult to obtain both a high residual magnetic 
flux density and a high coercive force. 

The present invention has been completed to solve the 
aforementioned technical problems. It is an object of the 
present invention to provide an R-T-B system rare earth 
permanent magnet capable of achieving both a high residual 
magnetic flux density and a high coercive force. 

Disclosure of the Invention 

In order to achieve such an object, the present inventors 
have found that the determination of the concentration of heavy 
rare earth elements in an R-T-B system rare earth permanent 
magnet containing such heavy rare earth elements within a 
certain range is effective for achieving both a high residual 
magnetic flux density and a high coercive force. 
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That is to say, the R-T-B system rare earth permanent 
magnet of the present invention comprises a sintered body 
comprising at least: main phase grains comprising R2T14B 
compounds (wherein R represents one or more rare earth elements, 
providing that the term "rare earth element" include Y 
(yttrium) , and T represents one or more transition metal 
elements essentially containing Fe, or Fe and Co) ; and a grain 
boundary phase having a higher amount of R than the above 
described main phase grains, which is characterized in that 
sintered body satisfies the following formulas: AVE(X)/Y = 
0.8 to 1.0; and (X/Y) max/ (X/Y) min = 2.0 to 13.0, wherein X 
represents (the weight ratio of heavy rare earth elements ) / (the 
weight ratio of all the rare earth elements) for a given number 
of the above described main phase grains in the above described 
sintered body, Y represents (the weight ratio of heavy rare 
earth elements )/ (the weight ratio of all the rare earth 
elements) for the above described sintered body as a whole, 
AVE(X) represents the mean value of X obtained for the given 
number of the above described main phase grains, (X/Y) min 
represents the minimum value of (X/Y) obtained for the given 
number of the above described main phase grains, and (X/Y) max 
represents the maximum value of (X/Y) obtained for the given 
number of the above described main phase grains. 

The R-T-B system rare earth permanent magnet of the present 
invention preferably satisfies the following formulas: 
(X/Y)min = 0.1 to 0.6; and (X/Y)max = 1.0 to 1.6. 
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In addition, the R-T-B system rare earth permanent magnet 
of the present invention more preferably satisfies the 
following formulas : AVE (X) /Y = 0 . 82 to 0 . 98 ; (X/Y)max/ (X/Y)min 
= 3.0 to 10.0; and (X/Y)min = 0.1 to 0.5, and (X/Y)max = 1.1 
to 1.5. 

Moreover, in the R-T-B system rare earth permanent magnet 
of the present invention, 85% or more of the total area occupied 
by the above described main phase grains (main phase) is 
preferably occupied by grains having a grain size of 15 \im 
or smaller; and 85% or more of the total area occupied by the 
above described main phase grains is more preferably occupied 
by grains having a grain size of 10 \xm or smaller. 

The R-T-B system rare earth permanent magnet of the present 
invention preferably has a composition consisting essentially 
of 25 to 37 wt% of R, 0.5 to 1.5 wt% of B, 0.03 to 0.3 wt% 
of Al, 0.15 wt% or less of Cu (excluding 0), 2 wt%"or less 
of Co (excluding 0) , and the balance substantially being Fe. 
In this case, the R-T-B system rare earth permanent magnet 
of the present invention may comprise 0.1 to 8.0 wt% of heavy 
rare earth elements as R. 

The aforementioned R-T-B system rare earth permanent 
magnet of the present invention comprises a sintered body 
comprising at least: main phase grains comprising R 2 Ti 4 B 
compounds (wherein R represents one or more rare earth elements, 
and T represents one or more transition metal elements 
essentially containing Fe, or Fe and Co) ; and a grain boundary 
phase having a higher amount of R than the above described 
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main phase grains, wherein the sintered body comprises heavy 
rare earth elements as R. This R-T-B system rare earth 
permanent magnet can be produced by a method comprising the 
steps of: compacting, in a magnet field, a low R alloy powder 
mainly comprising an R2T14B phase, and a high R alloy powder 
having a higher amount of R than the above described low R 
alloy powder and comprising Dy and/ or Tb as such R, and sintering 
a compacted body obtained by the above described compacting 
in a magnetic field. Herein, the high R alloy powder contains 
30 wt% or more of heavy rare earth elements contained in a 
sintered body. 

Herein, the amount of heavy rare earth elements in the 
above described sintered body can satisfy the value between 
0 . 1 and 8 . 0 wt% . Preferably, the high R alloy powder contains 
50 wt% or more of the heavy rare earth elements contained in 
the sintered body . Moreover, as described above , the obtained 
sintered body preferably has a composition consisting 
essentially of 25 to 37 wt% of R, 0.5 to 1.5 wt% of B, 0.03 
to 0 . 3 wt% of Al, 0 . 15 wt% or less of Cu (excluding 0) , 2 wt% 
or less of Co (excluding 0), and the balance substantially 
being Fe . 

When a sintered body with the aforementioned composition 
is obtained, in order to obtain high magnetic properties, low 
R alloy powder preferably has a composition consisting 
essentially of 25 to 38 wt% of R, 0.9 to 2.0 wt% of B, 0.03 
to 0.3 wt% of Al, and the balance substantially being Fe, and 
high R alloy powder preferably has a composition consisting 
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essentially of 26 to 70 wt% of R, 0.3 to 30 wt% of Co, 0.03 
to 5.0 wt% of Cu, 0.03 to 0.3 wt% of Al, and the balance 
substantially being Fe . 

Brief Description of the Drawings 

FIG. 1 is a table showing the compositions of the low 
R alloys and high R alloys used in the first example; 

FIG. 2 is a table showing the chemical compositions and 
magnetic properties of sintered magnets obtained in the first 
example ; 

FIG. 3 shows the results of element mapping in Example 

1; 

FIG . 4 shows the results of element mapping in Comparative 
example 1; 

FIG. 5 is a table showing the measurement results regarding 
Dy concentration in the main phase grains of the sintered 
magnets obtained in the first example; 

FIG. 6 is a table showing the chemical compositions and 
magnetic properties of sintered magnets obtained in the second 
example; 

FIG . 7 is a table showing the measurement results regarding 
Dy concentration in the main phase grains of the sintered 
magnets obtained in the second example; 

FIG. 8 is a graph showing the equivalent diameter of main 
phase grains and the area ratio thereof, which were obtained 
by image analysis on the specular image of a polished surface 
observed with a microscope in Example 1; 
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FIG. 9 is a graph showing the equivalent diameter of main 
phase grains and the area ratio thereof, which were obtained 
by image analysis on the specular image of a polished surface 
observed with a microscope in Example 3; 

FIG. 10 is a graph showing the equivalent diameter of 
main phase grains and the area ratio thereof, which were 
obtained by image analysis on the specular image of a polished 
surface observed with a microscope in Example 4; 

FIG. 11 is a graph showing the equivalent diameter of 
main phase grains and the area ratio thereof, which were 
obtained by image analysis on the specular image of a polished 
surface observed with a microscope in Example 5; 

FIG. 12 is a table showing the compositions of the low 
R alloys and high R alloys used in the third example; 

FIG. 13 is a table showing the chemical compositions and 
magnetic properties of sintered magnets obtained in the third 
example; 

FIG. 14 shows the results of element mapping in Example 

6; 

FIG . 15 shows the results of element mapping in Comparative 
example 3; 

FIG. 16 is a table showing the measurement results 
regarding Dy concentration in the main phase grains of the 
sintered magnets obtained in the third example; 

FIG. 17 is a table showing the measurement results 
regarding the grain sizes of the sintered magnets obtained 
in the third example; 



99P05490 US-4893 



- 10 - 



FIG. 18 is a table showing the compositions of the low 
R alloys and high R alloys used in the fourth example; 

FIG. 19 is a table showing the chemical compositions and 
magnetic properties of sintered magnets obtained in the fourth 
example; 

FIG . 2 0 shows the results of element mapping in Comparative 
example 5; 

FIG. 21 shows the results of element mapping in Comparative 
example 6; 

FIG. 22 is a table showing the measurement results 
regarding Dy concentration in the main phase grains of the 
sintered magnets obtained in the fourth example; 

FIG. 23 is a graph showing the ratio X/Y to main phase 
grains that were measurement targets in Comparative example 
5; 

FIG. 24 is a graph showing the ratio X/Y to main phase 
grains that were measurement targets in Comparative example 
6; 

FIG. 25 is a table showing the compositions of the low 
R alloys and high R alloys used in the fifth example; 

FIG. 26 is a table showing the chemical compositions and 
magnetic properties of sintered magnets obtained in the fifth 
example; 

FIG. 27 is a table showing the measurement results 
regarding Dy concentration in the main phase grains of the 
sintered magnets obtained in the fourth example; 
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FIG. 28 is a table showing the measurement results 
regarding the main phase grain sizes of the sintered magnets 
obtained in the fifth example; 

FIG. 29 is a table showing the compositions of the low 
R alloys and high R alloys used in the sixth example; 

FIG. 30 is a table showing the chemical compositions and 
magnetic properties of sintered magnets obtained in the sixth 
example; and 

FIG. 31 is a table showing the measurement results 
regarding Dy concentration in the main phase grains of the 
sintered magnets obtained in the sixth example. 

Best Mode for Carrying Out the Invention 

The R-T-B system rare earth permanent magnet of the present 
invention will be described in detail below. 
<Microstructures> 

As is well known, the R-T-B system rare earth permanent 
magnet of the present invention comprises a sintered body 
comprising at least a main phase consisting essentially of 
R2T14B grains where R represents one or more rare earth elements , 
and T represents one or more transition metal elements 
essentially containing Fe, or Fe and Co and a grain boundary 
phase having a higher amount of R than the above described 
main phase. 

In the R-T-B system rare earth permanent magnet of the 
present invention, the concentration of heavy rare earth 
elements contained in the R 2 Ti 4 B grains constituting the main 



99P05490 US-4893 



- 12 - 



phase of the sintered body greatly differs each grain. 
Moreover, the mean value (AVE (X) ) of (the amount of heavy rare 
earth elements (wt%)/the amount of the all the rare earth 
elements (wt%) in main phase grains) (this value is referred 
to as X) is equal to or less than the value (the amount of 
heavy rare earth element (wt%) /the amount of the all the rare 
earth elements (wt%) in the sintered body as a whole) (this 
value is referred to as Y) . This is important to impart a 
high residual magnetic flux density to the R-T-B system rare 
earth permanent magnet of the present invention. That is to 
say, it is understood that when the mean concentration of the 
heavy rare earth elements contained in the main phase grains 
playing a role in the magnetization of a magnet becomes low 
on average, the saturation magnetization (Ms) of the main phase 
grains increases, and that as a result, the residual magnetic 
flux density of a sintered body increases. To obtain a high 
residual magnetic flux density, it is particularly important 
for AVE(X)/Y to satisfy the value between 0.8 and 1.0. 

In the R-T-B system rare earth permanent magnet of the 
present invention, it is particularly important for AVE(X) /Y 
to satisfy the value between 0.8 and 1.0. 

If AVE(X) is less than 0.8, it is difficult to obtain 
a high coercive force. In contrast, if AVE(X) exceeds 1.0, 
the effect of improving a residual magnetic flux density cannot 
sufficiently be obtained. Thus, AVE(X)/Y is preferably 
between 0.82 and 0.98, and more preferably between 0.84 and 
0. 95. 
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In the present invention, with regard to the minimum value 
(X/Y)min and the maximum value (X/Y)max of X/Y obtained for 
given number of main phase grains, which are used as indexes 
for obtaining a high residual magnetic flux density, it is 
desired that the following formulas hold: 0.1 < (X/Y)min < 
0.6; and 1 . 0 < (X/Y) max < 1 . 6. (X/Y) min is preferably between 
0 . 1 and 0.5, and more preferably between 0 . 1 and 0.3. (X/Y) max 
is preferably between 1 . 1 and 1.5, and more preferably between 
1 . 2 and 1.4. The above given number may be approximately 80 . 

(X/Y) max/ (X/Y) min represents a concentration difference 
in heavy rare earth elements in the main phase. In the R-T-B 
system rare earth permanent magnet of the present invention, 
(X/Y) max/ (X/Y) min preferably satisfies the value between 2 . 0 
and 13.0, more preferably between 3.0 and 10.0, and further 
more preferably between 4.0 and 9.0. 

In order to exert a high coercive force that the R-T-B 
system rare earth permanent magnet of the present invention 
originally has, it is preferable that in the above described 
R-T-B system rare earth permanent magnet, 85% or more of the 
total area occupied by the main phase grains be occupied by 
grains having a grain sizeof 15 (amor smaller . More preferably, 
85% or more of the total area occupied by the main phase grains 
is occupied by grains having a grain size of 10 jam or smaller. 
This condition is used as an index indicating the fact that 
the R-T-B system rare earth permanent magnet of the present 
invention does not contain coarse grains. In the above 
described range, the mean grain size of main phase grains 
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contained in the R-T-B system rare earth permanent magnet of 
the present invention is more preferably between 2.5 and 10 
(am . 

Thus, in order to obtain a sintered body that does not 
contain coarse main phase grains, it is adequate that the 
particle size of a pulverized powder be decreased, and that 
a sintering temperature be set low, as described later. The 
grain size and area of a main phase grain can be obtained by 
image analysis on the specular image of a polished surface 
of a sintered body observed with a microscope, as described 
in examples given later. 
<Chemical compos it ion> 

Next, a preferred chemical composition of the R-T-B system 
rare earth permanent magnet of the present invention will be 
described. The term "chemical composition" is used herein 
to mean a chemical composition obtained after sintering. 

The R-T-B system rare earth permanent magnet of the present 
invention contains 25 to 37 wt% of rare earth elements (R) . 

Herein, R in the present invention has a concept of 
including Y (yttrium) . Accordingly, R in the present 
invention represents one or more elements selected from the 
group consisting of Y (yttrium) , La, Ce, Pr, Nd, Sm, Eu, Gd, 
Tb, Dy, Ho, Er, Tm, Yb, and Lu . If the amount of R is less 
than 25 wt%, an R2T14B phase as a main phase of the R-T-B system 
rare earth permanent magnet might be insufficiently generated. 
Accordingly, a-Fe or the like having soft magnetic properties 
is precipitated, and the coercive force thereby significantly 
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decreases. On the other hand, if the amount of R exceeds 37 
wt%, the volume ratio of the R 2 Ti 4 B phase as amain phase decreases , 
and the residual magnetic flux density also decreases. 
Moreover, if the amount of R exceeds 37 wt%, R reacts with 
oxygen, and the amount of oxygen thereby increases. In 
accordance with the increase of the oxygen amount, an R rich 
phase effective for the generation of the coercive force 
decreases, resulting in a reduction in the coercive force. 
Therefore, the amount of R satisfies the value between 25 and 
37 wt%. The amount of R is preferably between 28 and 35 wt%, 
and more preferably between 29 and 33 wt%. It is to be noted 
that the amount of R herein includes .that of heavy rare earth 
elements . 

Since Nd and Pr are resourceful and relatively inexpensive, 
it is preferable to use Nd as a main component of R. In addition, 
the R-T-B system rare earth permanent magnet of the present 
invention contains heavy rare earth elements to improve the 
coercive force. The heavy rare earth elements of the present 
invention herein include one or more elements selected from 
the group consisting of Tb, Dy, Ho, Er, Tm, Yb, and Lu . Of 
these, it is most preferable that one or more elements be 
selected from the group consisting of Dy, Ho, and Tb. 
Accordingly, R contains Nd or Nd and Pr, and one or more selected 
from the group consisting of Dy, Ho, and Tb. Moreover, the 
total amount of Nd or Nd and Pr, and one or more selected from 
the group consisting of Dy, Ho, and Tb, satisfies the value 
between 25 and 37 wt%, and preferably between 28 and 35 wt%. 
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Further, within the above range, the amount of one or more 
selected from the group consisting of Dy, Ho, andTb, preferably 
satisfies the value between 0.1 and 8.0 wt%. The amount of 
one or more selected from the group consisting of Dy, Ho, and 
Tb, can be determined within the above range, depending on 
which is more important, the residual magnetic flux density 
or the coercive force. That is, when a high residual magnetic 
flux density is required, the amount of one or more selected 
from the group consisting of Dy, Ho, and Tb, is set. at somewhat 
low, such as between 0.1 and 3.5 wt%. In contrast, when a 
high coercive force is required, the above amount is set at 
somewhat high, such as between 3.5 and 8.0 wt%. 

In addition, the R-T-B system rare earth permanent magnet 
of the present invention contains 0.5% to 4.5 wt% of boron 
(B) . If the amount of B is less than 0.5 wt%, a high coercive 
force cannot be obtained. However, if the amount of B exceeds 
4.5 wt%, the residual magnetic flux density is likely to 
decrease. Accordingly, the upper limit satisfies 4.5 wt%. 
The amount of B is preferably between 0.5 and 1.5 wt%, and 
more preferably between 0.8 and 1.2 wt%. 

Moreover, the R-T-B system rare earth permanent magnet 
of the present invention may contain Al and/or Cu within the 
range between 0 . 02 and 0 . 5 wt% . The containment of Al and/or 
Cu within the above range can impart a high coercive force, 
a strong corrosion resistance, and an improved temperature 
stability of magnet properties to the obtained R-T-B system 
rare earth permanent magnet. When Al is added, the additive 



99P05490 US-4893 



- 17 - 



amount of Al is preferably between 0.03 and 0 . 3 wt% , and more 
preferably between 0.05 and 0.25 wt%. When Cu is added, the 
additive amount of Cu is preferably 0 . 15 wt% or less (excluding 
0) , and more preferably between 0.03 and 0.12 wt%. 

Furthermore, the R-T-B system rare earth permanent magnet 
of the present invention contains Co in an amount of 2.0 wt% 
or less (excluding 0), preferably between 0.1 and 1.0 wt%, 
and more preferably between 0 . 3 and 0 . 7 wt% . Co forms a phase 
similar to that of Fe . Co has an effect to improve Curie 
temperature and the corrosion resistance of a grain boundary 
phase . 

The R-T-B systemrare earth permanent magnet of the present 
invention is permitted to contain other elements . For example, 
it can appropriately contain elements such as Zr, Ti, Bi, Sn, 
Ga, Nb, Ta, Si, V, Ag, or Ge . On the other hand, it is desired 
that impurity elements such as oxygen, nitrogen, or carbon 
be reduced to the minimum. In particular, the amount of oxygen 
impairing magnetic properties is preferably set at 5, 000 ppm 
or less. If the amount of oxygen is large, a rare earth oxide 
phase as a non-magnetic component increases, thereby reducing 
magnetic properties . 
<Production method> 

The R-T-B systemrare earth permanent magnet of the present 
invention can be produced by the mixing method, which involves 
mixing powders comprising an alloy (hereinafter referred to 
as a low R alloy) mainly containing a R 2 Ti 4 B phase, with powders 
comprising an alloy (hereinafter referred to as a high R alloy) 
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containing a higher amount of R than the low R alloy. In 
addition, heavy rare earth elements are preferably added to 
the high R alloy to obtain the microstructures of the present 
invention- Based on the above preconditions, a preferred 
method for producing the R-T-B system rare earth permanent 
magnet of the present invention will be described below. 

Both the low R alloy and the high R alloy can be produced 
by strip casting or other known dissolution methods in a vacuum 
or an inert gas atmosphere, and preferably in an Ar atmosphere . 

The low R alloy contains Cu and Al as constitutional 
elements, as well as rare earth elements, Fe, Co, and B. The 
chemical composition of the low R alloy can appropriately be 
determined depending on the chemical composition of a desired 
R-T-B system rare earth permanent magnet. The low R alloy 
preferably has a composition consisting essentially of 25 to 
38 wt% of R, 0.9 to 2.0 wt% of B, 0.03 to 0.3 wt% of Al, and 
the balance being Fe . In order to obtain the R-T-B system 
rare earth permanent magnet of the present invention, it is 
important that the amount of rare earth elements contained 
in the low R alloy satisfies 30 wt% or more. By setting the 
amount of rare earth elements contained in the low R alloy 
at rather high, a sinterability is improved, and the 
aforementioned microstructures are obtained. In order to 
obtain microstructures having the characteristics of the 
present invention also, it is preferable that the amount of 
rare earth elements contained in the low R alloy satisfies 
30 wt% or more. 
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On the other hand, the high R alloy may also contain Cu 
andAl, as well as rare earth elements, Fe and Co. The chemical 
composition of the high R alloy can appropriately be determined 
depending on the chemical composition of a desired R-T-B system 
rare earth permanent magnet. The high R alloy preferably has 
a composition consisting essentially of 26 to 70 wt% of R, 
0.3 to 30 wt% of Co, 0.03 to 5.0 wt% of Cu, 0.03 to 0.3 wt% 
of Al, and the balance being Fe . Herein, heavy rare earth 
elements are required to be contained in the high R alloy. 
This is necessary for obtaining the aforementioned 
microstructures of the present invention. If such heavy rare 
earth elements were contained in only the low R alloy, the 
aforementioned microstructures of the present invention could 
not be obtained. As long as the high R alloy contains heavy 
rare earth elements, the low R alloy may also contain such 
heavy rare earth elements. That is to say, the present 
invention includes a case where heavy rare earth elements are 
contained in only the high R alloy and a case where heavy rare 
earth elements are contained both in the low R alloy and in 
the high R alloy. When heavy rare earth elements are contained 
both in the low R alloy and in the high R alloy, it is preferable 
that the high R alloy contain 30 wt% or more of, and preferably 
50 wt% or more of the amount of heavy rare earth elements that 
are finally contained. 

The low R alloy and the high R alloy as raw material alloys 
are crushed separately or together. The crushing process 
generally includes a crushing step and a pulverizing step. 



99P05490 US-4893 



- 20 - 



First, the low R alloy and the high R alloy are crushed 
to a particle size of approximately several hundreds of |om 
in the crushing step. The crushing is preferably carried out 
in an inert gas atmosphere, using a stamp mill, a jaw crusher, 
a brown mill, etc. In order to improve rough crushability , 
it is effective to carry out crushing after performing a 
hydrogen absorption and releasing treatment. 

After carrying out the crushing, the routine proceeds 
to a pulverizing step. Crushed powders with a particle size 
of approximately several hundreds of jim are pulverized to a 
mean particle size between 3 and 5 jam. In the present invention, 
by using such fine powders and also by setting the amount of 
rare earth elements contained in the low R alloy at somewhat 
high, both a high residual magnetic flux density and a high 
coercive force can be obtained even in a relatively low 
sintering temperature range. A jet mill can be used in the 
pulverizing . 

When the low R alloy and the high R alloy are pulverized 
separately in the pulverizing step, the pulverized low R alloy 
powders are mixed with the pulverized high R alloy powders 
in a nitrogen atmosphere. The mixing ratio of the low R alloy 
powders to the high R alloy powders may be selected from the 
range between 80 : 20 and 97 : 3, at a weight ratio. Likewise, 
in a case where the low R alloy is pulverized together with 
the high R alloy also, the same above mixing ratio may be applied . 
For the purpose of improving orientation during compacting, 
approximately 0.01 to 0.3 wt% of an additive such as zinc 
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stearate or oleic amide can be added during the pulverizing 
step . 

Subsequently, the obtained mixed powders comprising the 
low R alloy powders and the high R alloy powders are compacted 
in a magnetic field. This compacting (in a magnetic field) 
may be carried out by applying in a magnetic field between 
12.0 and 17.0 kOe (955 to 1, 353 kA/mMPa) a pressure between 
approximately. 0.7 and 2.0 t/cm 2 (69 to 196 MPa) . 

After completion of the compacting in a magnetic field, 
the obtained compacted body is sintered in a vacuum or an inert 
gas atmosphere. The sintering temperature needs to be 
adjusted depending on various conditions suchas a composition, 
a crushing method, or the difference between particle size 
and particle size distribution, but the compacted body may 
be sintered at 1, 000°C to 1,150°C for about 1 to 5 hours. The 
R-T-B system rare earth permanent magnet of the present 
invention has an effect of obtaining a high residual magnetic 
flux density and a high coercive force even by sintering in 
a relatively low temperature range, such as a temperature of 
1,050°C or lower, within the above range. 

After completion of the sintering, the obtained sintered 
body may be subjected to an aging treatment. The aging 
treatment is important for the control of a coercive force. 
When the aging treatment is carried out in two steps, it is 
effective to retain the sintered body for a certain time at 
around 800°C and around 600°C . When a heat treatment is carried 
out at around 800°C after completion of the sintering, the 
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coercive force increases . Accordingly, such a heat treatment 
at around 8 00°C is particularly effective in the mixing method . 
Moreover, when a heat treatment is carried out at around 600°C, 
the coercive force significantly increases. Accordingly, 
when the aging treatment is carried out in a single step, it 

is appropriate to carry out it at around 600°C. 

Next, the present invention will be described in more 
detail in the following specific examples. 
<First Example> 

A low R alloy and a high R alloy were prepared by high 
frequency dissolution in an Ar atmosphere. The composition 
of the low R alloy and that of the high R alloy are shown in 
FIG. 1. In FIG. 1, Dy as a heavy rare earth element was added 
to the high R alloy in Examples 1 and 2, whereas it was added 
to the low R alloy in Comparative examples 1 and 2. 

The prepared low R alloy and high R alloy were allowed 
to absorb hydrogen at room temperature, and are then subjected 
to a dehydrogenation treatment at 600°C for 1 hour in an Ar 
atmosphere . 

After completion of the hydrogen absorption and 
dehydrogenation treatment, the low R alloy and the high R alloy 
were crushed by a brown mill in a nitrogen atmosphere. 
Thereafter, they were pulverized by a jet mill using 
high-pressure nitrogen gas, so as to obtain pulverized powders 
with a mean particle size of 3 . 5 |nm. It is to be noted that 
the low R alloy was mixed with the high R alloy during the 
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crushing, and that 0 . 05% of oleic amide was added as a crushing 
agent before carrying out the pulverizing. 

The obtained fine powders were compacted in a magnetic 
field of 1,200 kA/m (15 kOe) by applying a pressure of 147 
MPa (1.5 ton/cm 2 ), so as to obtain a compacted body. This 
compacted body was sintered at 1, 030°C for 4 hours in a vacuum 
atmosphere followed by quenching. Thereafter, the obtained 
sintered body was subjected to a two-step aging treatment 
consisting of 850°C x 1 hour and 540°C x 1 hour (wherein both 
the steps were carried out in an Ar atmosphere) . 

The chemical composition of the obtained sintered magnet 
was obtained by fluorescent X-ray analysis. In addition, the 
residual magnetic flux density (Br) and the coercive force 
(HcJ) were measured with a B-H tracer. The results are shown 
in FIG. 2. 

As shown in FIG. 2, the chemical compositions of the 
sintered magnets obtained in Examples 1 and 2 and Comparative 
examples 1 and 2 are almost same. Also, coercive force (Hcj) 
of the sinteredmagnets are almost same . However, the sintered 
magnets in Examples 1 and 2 exhibit 200 to 400 G higher residual 
magnetic flux densities (Br) than those in Comparative examples 
1 and 2. 

With regard to the sintered bodies in Example 1 and 
Comparative example 1, the element mapping was carried out 
using EPMA (Electron Probe Micro Analyzer; EPMA-1600 
manufactured by Shimadzu Corp.). FIG. 3 shows the results 
regarding Example 1, and FIG. 4 shows the results regarding 
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Comparative example 1. It is to be noted that FIGS. 3A to 
3C and FIGS. 4A and 4C show the results regarding the element 
mapping of Nd, Pr, and Dy, respectively, and that FIGS. 3D 
and 4D show a reflection electron image in the same field of 
view as that in the element mapping. 

When FIGS. 3A, 3B and 3C are compared with FIG. 3D, 
hypochromic regions of FIGS. 3A, 3B and 3C corresponding to 
a white region of FIG. 3D have high concentrations of elements 
Nd, Pr, and Dy, respectively. Thus, these regions represent 
grain boundary triple points . Hereinafter, such a region may 
be referred to as an R rich phase at times. In addition, from 
the comparison between a white region of FIG. 4D and regions 
of FIGS. 4A, 4B and 4C it is found that the white region 
represents an R rich phase. 

As shown in FIG. 4C, it is found that the concentration 
of Dy in Comparative example 1 is almost uniform and is lower 
than that in an R rich phase, except for in the case of the 
R rich phase. In contrast, as shown in FIG. 3C, the region 
of a main phase other than the R rich phase has both light 
and shade portions in Example 1, and thus, it is found that 
there exist portions where the concentration of Dy is high 
and portions where the concentration of Dy is low. These 
results show that the R-T-B system rare earth permanent magnet 
in Example 1 is an R-T-B system rare earth permanent magnet 
wherein main phase grains with a high Dy concentration are 
mixed with main phase grains with a low Dy concentration. 
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As stated above, Example 1 largely differs from . 
Comparative example 1 in terms of the distribution state of 
Dy . 

Subsequently, with regard to main phase grains 
constituting the sintered body in Example 1 and those 
constituting the sintered body in Comparative example 1, 
quantitative analysis was carried out regarding 3 elements 
Nd, Dy, and Pr. The analysis was carried out on 80 main phase 
grains from each sintered body, using the aforementioned EPMA. 

Based on the results of the aforementioned quantitative 
analysis and the results of the composition analysis of the 
sintered body as a whole with the aforementioned fluorescent 
X-ray, the following values were calculated. The results are 
shown in FIG. 5. 

X = (wt% of Dy) / (wt% of TRE) in the main phase grains 

Y = (wt% of Dy) / (wt% of TRE) in the sintered body as a 
whole 

(The mean value of X) /Y =AVE(X)/Y 

The minimum value of X/Y = (X/Y)min, the maximum value 
of X/Y = (X/Y)max, and 
TRE = Dy + Nd + Pr 

As shown in FIG . 5, Y that is the ratio of the Dy amount 
to the TRE amount in the sintered body as a whole indicates 
a value around 9 both in Example 1 and Comparative example 
1, and thus, there are no significant differences. However, 
the mean value of X (AVE(X) ) that is the ratio of the Dy amount 
to the TRE amount in the main phase grains in Example 1 is 
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clearly smaller than that in Comparative example 1. 
Accordingly, it is found that the AVE(X)/Y in Example 1 is 
a value that is 1 or less and is smaller than the value in 
Comparative example 1. Namely, there are no differences 
between Example 1 and Comparative example 1 in terms of the 
composition of the sintered body as a whole. However, 
regarding the main phase grains, the concentration of Dy in 
the main phase in Example 1 is lower than that in Comparative 
example 1 . As a result, it is understood that a mean saturation 
magnetization (Ms) in Example 1 becomes higher than that in 
Comparative example 1, and that the residual magnetic flux 
density (Br) in Example 1 is thereby improved. 

Regarding Example 2 and Comparative example 2 also, as 
shown in FIG. 5, the same results as those in Example 1 and 
Comparative example 1 were obtained. 

As shown in FIG. 5, Examples 1 and 2 have (X/Y)min of 
0.12and0.15, (X/Y) max of 1 . 4 3 and 1 . 33 , and (X/Y) max/ (X/Y) min 
of 11.92 and 8.87, respectively. In contrast, Comparative 
examples 1 and 2 have (X/Y)min of 1.01 and 1.05, (X/Y)max of 
1.25 and 1.27, and (X/Y) max/ (X/Y) min of 1.24 and 1.21, 
respectively. Thus, it was confirmed that the Dy 
concentration in the main phase grains in Examples 1 and 2 
was more variable than that in Comparative examples 1 and 2. 
<Second Example> 

A low R alloy and a high R alloy, which have the same 
compositions as those in Example 1, were prepared. Sintered 
magnets were produced in the same processes as those in the 
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first example with the exception that the particle size (mean 
particle size) of a pulverized powder and the sintering 
temperature were changed as follows. Regarding the obtained 
sintered magnets, the same composition analysis and 
measurement of magnetic properties as those in Example 1 were 
carried out. The results are shown in FIG. 6. 

Example 1: the particle size of a pulverized powder = 
3.5 jam, the sintering temperature = 1, 030°C 

Example 3: the particle size of a pulverized powder = 
3.5 Jim, the sintering temperature = 1, 050°C 

Example 4: the particle size of a pulverized powder = 
4.5 |um, the sintering temperature = 1, 030°C 

Example 5: the particle size of a pulverized powder = 

4.5 jam, the sintering temperature = 1, 050°C 

As shown in FIG . 6, the compositions of the sintered bodies 
are almost the same in Examples 1 and 3 to 5. However, when 
compared with the residual magnetic flux density (Br) and the 
coercive force (HcJ) in Examples 1 and 3 to 5, although the 
coercive force (HcJ) tends to slightly decrease along with 
an increase in the sintering temperature, a high coercive force 
of 21.0 kOe or more can be obtained in all Examples 1 and 3 
to 5. Comparing Example 1 with Example 4, and Example 3 with 
Example 5, it is found that a higher coercive force (HcJ) can 
be obtained as the particle size of a pulverized powder 
decreases . 

FIG. 7 shows AVE(X) , Y, AVE(X) /Y, (X/Y)min, and (X/Y)max, 
which were obtained in the same manner as in the first example. 
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The obtained values are not significantly different in Examples 
1 and 3 to 5. 

Regarding the sintered bodies in Examples 1 and 3 to 5, 
the specular image of a polished surface thereof observed with 
a microscope was subjected to image analysis, so as to obtain 
the equivalent diameter of a main phase grain and the area 
ratio thereof. The results are shown in FIGS. 8 to 11. 

In FIGS. 8 to 11, a main phase grain size is divided into 
every 1 jam. The bar chart indicates the ratio of the total 
area of the main phase grains included in the above range to 
the total area of all particles to be measured. For example, 
the bar graph corresponding to the horizontal axis from 4 jam 
to 5 |^m in each of FIGS. 8 to 11 indicates the ratio of the 
total area of the main phase grains whose grain size is in 
a range between 4 jam and 5 |im to the total area of all particles 
to be measured. 

In addition, in FIGS. 8 to 11, the line graph indicates 
the area that is integrated in increasing order of the grain 
size of a main phase grain. 

In Examples 1 and 3 to 5, a grain size at which the cumulative 
area of smaller-size grains in the main phase reaches 85% of 
the total area of all the main phase grains (hereinafter 
referred to as "S85" at times) ; the ratio of the cumulative 
area of the main phase grains with a grain size of less than 
10 (am to the total area of all the main phase grains (hereinafter 
referred to as "< 10 jam" at times) ; and the ratio of the 
cumulative area of the main phase grains with a grain size 
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of less than 15 jam to the total area of all the main phase 
grains (hereinafter referred to as "< 15 jam" at times) were 
obtained. The results are shown in FIGS. 8 to 11. The fact 
that the value of XX S85" becomes greater or, in contrary, the 
value of "< 10 jam" or "< 15 jam" becomes smaller, means that 
the ratio of coarse particles in a sintered body increases. 
In addition, in FIGS. 8 to 11, solid line (1) represents "S85, " 
dotted line (2) represents "< 10 |im, " and dashed line (3) 
represents "< 15 j^m." 

From FIGS. 8 to 11, it is found that the value of "S85" 
becomes greater in the order of Examples 1, 3, 4, and 5, and 
thus that the ratio of coarse particles increases in the above 
order. As shown in FIG. 6, the coercive force (HcJ) becomes 
lower in the order of Examples 1, 3, 4, and 5. Thus, in order 
to obtain a high coercive force (HcJ) , the value of "S85" 
preferably satisfies 15 jam or less (Examples 1, 3, and 4), 
and more preferably satisfies 10 jam or less (Examples 1 and 
3) . 

<Third Example> 

Sintered magnets were produced in the same processes as 
those in the first example with the exceptions that low R alloys 
and high R alloys shown in FIG. 12 were used, that the particle 
sizes of the pulverized powders were set as described below, 
and that the sintering temperature was set at 1,070°C. 
Regarding the obtained sintered magnets, the same measurement 
and observation as those in the first example were carried 
out. The chemical compositions of the obtained sintered 
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bodies and the magnetic properties thereof are shown in FIG. 
13. The results regarding element mapping are shown in FIG. 
14 (Example 6) and FIG. 15 (Comparative example 3) . In Example 
6, the Dy amount contained in the high R alloy powders was 
37 wt% with respect to the Dy amount contained in the sintered 
body. In Example 7, the Dy amount contained in the high R 
alloy powders was 52 wt% with respect to the Dy amount contained 
in the sintered body . 

In addition, the AVE(X), Y, AVE(X)/Y, (X/Y)min, and 
(X/Y) max of each sintered magnet are shown in FIG . 16 . Moreover, 
"S50, " "S85, " "< 10 jam, " and "< 15 jam" of each sintered magnet 
were obtained. "S50" represents a grain size at which the 
cumulative area of smaller-size grains in the main phase 
reaches 50% of the total area of the main phase grains. This 
value means a mean grain size in the present invention. The 
results are shown in FIG. 17. 

Example 6 = 4.6 jam, Example 7 = 4.8 jam, 
Comparative example 3 = 5.8 jam, and Comparative example 
4 = 5 . 9 (am 

As shown in FIG. 13, the chemical compositions of the 
sintered magnets obtained in Example 6 and Comparative example 
3, and those in Example 7 and Comparative example 4, are each 
almost same. Also, these sintered magnets have the almost 
same value of coercive force (HcJ) . However, the sintered 
magnets in Examples 6 and 7 exhibit 200 to 400 G higher residual 
magnetic flux densities (Br) than those in Comparative examples 
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3 and 4. It is to be noted that the amount of Dy is high in 
the third example, a high coercive force (He J) can be obtained . 

As shown in FIG. 14, as in the case of Example 1, the 
sintered magnet in Example 6 contains portions with a high 
Dy concentration and portions with a low Dy concentration even 
in the region other than an R rich phase. In contrast, as 
in the case of Comparative example 1, the concentration of 
Dy in Comparative example 3 shown in FIG. 15 is almost uniform 
and is lower than that in an R rich phase, in the region of 
a main phase except for the R rich phase and some other 
exceptions . 

As shown in FIG. 16, the value of Y is almost the same 
between Example 6 and Comparative example 3, and between 
Example 7 and Comparative example 4. However, the value of 
AVE (X) in Example 6 is clearly smaller than that in Comparative 
example 3. Accordingly, the value of AVE(X)/Y in Example 6 
becomes a value that is 1 or less and is smaller than the value 
obtained in Comparative example 3 . That is to say, with regard 
to the composition of the sintered body as a whole, the Dy 
concentration in the main phase grains in Example 6 is lower 
than that in Comparative example 3. As a result, it is 
understood that amean saturationmagnetization (Ms) inExample 
6 becomes higher than that in Comparative example 3, and that 
the residual magnetic flux density (Br) is thereby improved. 
The same tendencies are observed regarding Example 7 and 
Comparative example 4 . 
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The (X/Y)min values in Examples 6 and 7 are within the 
range of the present invention (0.1 to 0.6). However, the 
(X/Y)min values in Comparative examples 3 and 4 are 0.88 and 
0.73, respectively. Thus, these values are beyond the range 
of the present invention. 

As shown in FIG. 17, Examples 6 and 7 have "S50" that 
is in a range between 8 and 10 jam, and have "S85" of 15 jam 
or less. Moreover, the ratio "< 15 jam" is 85% or more, and 
the ratio "< 10 jam" is 50% or more. In contrast, Comparative 
examples 3 and 4 have "S50" that is in a range between 10 and 
13 jam,, and have "S85" of more than 15 jam. Moreover, the ratio 
"< 15 jam" is less than 80%, and the ratio "< 10 |im" is less 
than 50%. 
<Fourth Example> 

Sintered magnets were produced in the same processes as 
those in the first example with the exceptions that the low 
R alloys and high R alloys shown in FIG. 18 were used, that 
the grain sizes of the pulverized powders were set as described 
below, and that the sintering temperature was set at 1, 030°C. 
Regarding the obtained sintered magnets , the same measurement 
and observation as those in the first example were carried 
out. The chemical compositions of the obtained sintered 
bodies and the magnetic properties thereof are shown in FIG. 
19. The results regarding element mapping are shown in FIG. 
20 (Comparative example 5) and FIG. 21 (Comparative example 
6). In addition, the AVE(X), Y, AVE(X)/Y, (X/Y)min, and 
(X/Y) max of each sinteredmagnet are shown in FIG. 22 . Moreover, 
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the ratio X/Y to the main phase grains to be measured is shown 
in FIG. 23 (Comparative example 5) and FIG. 24 (Comparative 
example 6) . 

Example 8 = 3.2 jam, Comparative example 5 = 3.0 jum, and 
Comparative example 6 = 3 . 1 |im 

As shown in FIG. 22 , the chemical compositions of the 
sinteredmagnets obtained in Example 8 and Comparative examples 
5 and 6 are almost same. Also, these sintered magnets have 
the almost same value of residual magnetic flux density (Br) . 
However, it is clear that the coercive force (HcJ) in 
Comparative examples 5 and 6 is inferior to that in Example 
8. 

Referring to FIGS. 20 and 21, as in the case of Example 
1, portions with a high Dy concentration and portions with 
a low Dy concentration exist in the main phase region except 
for an R rich phase, both in Comparative examples 5 and 6. 
Regardless of such fact, the coercive force (HcJ) in 
Comparative examples 5 and 6 is lower than that in Example 
8, as described above. 

As shown in FIGS. 22, 23, and 24, the (X/Y)max values 
in Comparative examples 5 and 6 are large, and these are over 
2.0. That is, the X/Y distribution is extremely wide in 
Comparative examples 5 and 6. Hence, although portions with 
a high Dy concentration and portions with a low Dy concentration 
exist in the main phase region except for an R rich phase, 
if the X/Y distribution is too wide, it results in a decrease 
in the coercive force (HcJ) . Therefore, in the present 

99P05490 US-4893 



- 34 - 



invention, the values of (X/Y)min and (X/Y) max are determined 
in the following ranges: (X/Y)min = 0 . 1 to 0.6; and (X/Y)max 
= 1.0 to 1.6. 
<Fifth Example> 

Sintered magnets were produced in the same processes as 
those in the first example with the exceptions that the low 
R alloys and high R alloys shown in FIG. 25 were used, that 
the particle sizes of the pulverized powders were set as 
described below, and that the sintering temperature was set 
at 1, 0 30°C . Regarding the obtained sintered magnets, the same 
measurement and observation as those in the first example were 
carried out. The chemical compositions of the obtained 
sintered bodies and the magnetic properties thereof are shown 
in FIG. 26. In Examples 9 and 10, the Tb amount contained 
in the high R alloy powders was 62 wt% with respect to the 
Tb amount contained in each sintered body. In addition, the 
AVE(X), Y, AVE(X)/Y, (X/Y)min, and (X/Y) max of each sintered 
magnet are shown in FIG. 27. 

Example 9 = 4.0 |im, Example 10 = 4.2 jum, 
Comparative example 7 = 4.1 |um, and Comparative example 
8 = 4 . 0 jam 

As shown in FIG. 26, it is found that a high coercive 
force (HcJ) of 24 kOe or more can be obtained by using Tb as 
a heavy rare earth element. In addition, as shown in FIG. 
26, it is also found that the chemical compositions of the 
sintered magnets obtained in Examples 9 and 10 and Comparative 
examples 7 and 8 are almost same, but that the residual magnetic 
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flux density (Br) in Comparative examples 7 and 8 is inferior 
to that in Examples 9 and 10. 

As shown in FIGS. 27 and 28, in Examples 9 and 10 and 
Comparative examples 7 and 8, the ratio of coarse particles 
contained in a sintered body is low, and thus, the sintered 
body consists of good microstructures . However, in 
Comparative examples 7 and 8, the value of AVE(X)/Y exceeds 
1 . 0 and the value of (X/Y) min exceeds 0.6. These facts result 
in a decrease in the residual magnetic flux density (Br) . 
<Sixth Example> 

Sintered magnets were produced in the same processes as 
those in the first example with the exceptions that the low 
R alloys and high R alloys shown in FIG. 29 were used, that 
the particle sizes of the pulverized powders were set as 
described below, that the sintering temperature was set at 
1, 030°C, and that regarding Example 11 and Comparative example 
9, the atmosphere was controlled at an oxygen concentration 
less than 100 ppm throughout processes, from a hydrogen 
treatment (recovery after a crushing process) to sintering 
(input into a sintering furnace) and the sintering temperature 

was set at 1,070°C. 

Regarding the obtained sintered magnets, the same 
measurement and observation as those in the first example were 
carried out. The chemical compositions of the obtained 
sintered bodies and the magnetic properties thereof are shown 
in FIG. 30. In addition, theAVE(X), Y, AVE(X)/Y, (X/Y) min, 
and (X/Y) max of each sintered magnet are shown in FIG. 31 
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Example 11 = 3.1 \xm f Example 12 = 3.0 jam, 
Comparative example 9=3.1 jam, and Comparative example 
10 = 3.0 jam 

As shown in FIG. 30, it is found that when the amount 
of rare earth elements is low, the residual magnetic flux 
density (Br) becomes high and the coercive force (HcJ) becomes 
low, and that when the amount of rare earth elements is high, 
the residual magnetic flux density (Br) becomes low and the 
coercive force (HcJ) becomes high. 

As shown in FIG. 30, the chemical compositions of the 
sintered magnets obtained in Examples 11 and Comparative 
example 9, and those obtained in Example 12 and Comparative 
example 10, are each almost same. However, it is found that 
the residual magnetic flux density (Br) in Comparative example 
9 is inferior to that in Example 11, and that the residual 
magnetic flux density (Br) in Comparative example 10 is 
inferior to that in Example 12. As shown in FIG. 31, the value 
of AVE (X) /Y exceeds 1 . 0 and the value of (X/Y) min exceeds 0 . 6 
in Comparative examples 9 and 10. These facts result in a 
decrease in the residual magnetic flux density (Br) . 

Industrial Applicability 

As stated above, the present invention provides an R-T-B 
ststem rare earth permanent magnet having both a high residual 
magnetic flux density and a high coercive force. 
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